PRR neurons is affected more strongly by eye position Pasadena, California 91125 than by limb position. A further analysis indicated that a significant population of PRR neurons encodes reaches to sounds in an eye-centered reference frame. Summary Results A recent hypothesis suggests that neurons in the lateral intraparietal area (LIP) and the parietal reach re-PRR neurons were recorded from two hemispheres of gion (PRR) encode movement plans in a common two rhesus macaque monkeys (Macaca mulatta). The eye-centered reference frame. To test this hypothesis PRR was identified through both its anatomical location further, we examined how PRR neurons encode reach and its physiological properties. Anatomically, the PRR plans to auditory stimuli. We found that PRR activity is medial and posterior to area LIP (Snyder et al., 1997) was affected by eye and initial hand position. Populaand appears to overlap with area MIP and dorsal aspects tion analyses, however, indicated that PRR neurons of area PO (Snyder et al., 2000; see also Colby and were affected more strongly by eye position than by Goldberg, 1999). Since the PRR overlaps with these initial hand position. These eye position effects were regions, it may not be a distinct brain region but, instead, appropriate to maintain coding in eye coordinates. Inmay reflect the functional properties of MIP and PO; deed, a significant population of PRR neurons enfurther anatomical studies of the PRR are necessary to coded reaches to auditory stimuli in an eye-centered resolve this important issue. Physiologically, PRR neurons were characterized by having more activity in the reference frame. These results extend the hypothesis delay period of a memory-guided reach than in a compathat, regardless of the modality of the sensory input rable period during a memory-guided saccade (Snyder or the eventual action, PRR and LIP neurons represent et al., 1997). For monkey D, all of the neurons (n ϭ 26) movement plans in a common, eye-centered reprereported in this study were "reach specific" since they sentation.
Figure 1. Behavior of a PRR Neuron in the Reference Frame Task
Each panel contains a schematic of the monkey's initial hand and eye positions and a PRR response profile, which was generated when the monkey's hand and eye positions were in the configuration shown in the schematic. In each schematic, the circles indicate the relative position of each button assembly, and the dotted square outlines the 3 ϫ 3 target grid. The black circle indicates the button that the monkey pressed initially, and the gray circle indicates the button that the monkey fixated. The response profiles are arranged as a function of speaker location, and neural activity is represented by spike density histograms. The histograms were generated by convolving a triangular kernel with raster plots and indicate the time course of spike activity during five trials to each target location. The histograms are aligned relative to the onset of the noise burst, which is identified by the first long tick mark on the time axis. The solid gray bar, in the upper left corner of each response profile, shows the timing of the noise burst. The gray circle indicates the center of mass of the response profile; error bars represent 1 standard deviation. The center of mass was determined by multiplying each auditory target location by the delay period activity that was elicited when the monkey made a reach to that location, summing up these values, and then dividing this quantity by the sum of the delay period activity. (A and B) Two response profiles generated with the same initial hand position but different eye positions. In this condition, the monkey did not reach to the center button on the button array, since this was the location of his initial hand position. On the day this neuron was recorded, the monkey would not reach up and to the right when his eye position was directed to the left; this behavior occurred rarely. (C and D) Two response profiles generated with the same eye position but different initial hand positions. When eye position varies, the peak of the response profile shifts. In contrast, when initial hand position varies, the response profiles do not shift. Tick interval, 100 ms. The black bar in the lower right corner of (A) indicates 500 ms.
targets (see schematics in Figure 1) . We positioned the hand position. Alternatively, if PRR activity is in a head-, body-, or world-centered reference frame, the location monkey's hand at these locations so that we could maximize the number of reach targets; if the monkey's hand of the center of mass of a PRR response profile should be invariant to these manipulations of eye and hand is located initially on a particular button, a reach cannot be made to that location. This hand position does not position. Additionally, the amplitude or "gain" of PRR activity may be modulated by such factors as eye and bias our analysis since it makes it even more likely to detect cells in a limb-centered reference frame.
initial , 1997, 1998 ). An analysis of this gain will be presented in a future paper. tered reference frames. More specifically, if a PRR neuron encodes sound source location in an eye-centered We found that eye position and initial hand position had a substantial effect on PRR activity. An example reference frame (i.e., a neuron's activity reflects the difference between gaze position and the location of a neuron is shown in Figure 1 . Changes in eye position appeared to alter the spatial response profile of this sensory stimulus), the location of its response profile peak (or "center of mass") should shift as a function of neuron. When the monkey shifted its eye position from left to right, the response profile's center of mass shifted eye position. If a PRR neuron encodes sound source location in a limb-centered reference frame (i.e., a neufrom the left to the right (compare Figures 1A and 1B) . In contrast, changes in initial hand position had only a ron's activity reflects the difference between current and desired hand position), the location of the center of mass moderate effect on the location of the center of mass: the center of mass was located up and to the right of of its response profile should shift as a function of initial Figures 2C and 2D ). In addition, the overall magnitude or gain of activity appeared to change to eye or initial hand position, its correlation value should, in theory, be equal to one. As can be seen, both eye a degree.
To summarize the results for the population, we calcuand initial hand position affected the tuning properties of PRR neurons. This observation is consistent with the lated the correlation coefficient between the two response profiles generated with different eye positions notion that individual PRR neurons may encode information about target position in a reference frame that takes and the correlation coefficient between the two response profiles generated with different initial hand pointo account both initial hand and eye position. However, we found significantly (Wilcoxon, p Ͻ 0.05) more neusitions (Batista et al., 1999) . Since the result of this correlation analysis was the same for both monkeys, the data rons that were altered more by changes in eye position than by changes in initial hand position. In other words, were pooled for presentation. ., 1999) . This of 55 neurons) of PRR cells had an optimal shift of Ϫ36Њ, the optimal-shift value expected for an eye-centered analysis was done by calculating the correlation coefficient when one response profile was held constant and reference frame. An additional 7 neurons (13%) had an optimal-shift value of Ϫ18Њ, the optimal-shift value that the other was shifted horizontally, relative to the first response profile; the curves were shifted horizontally is intermediate between an eye-centered and a headcentered (or body-centered) reference frame. since the two eye positions used in this study varied along the horizontal dimension. Since the two fixation Since, in this analysis, the number of responses profiles in each region of overlap differed, we were conpositions were located 18Њ to the left and 18Њ to the right of the central fixation position, the range of possible cerned that the distribution shown in Figure 4 may reflect the changing number of data points and its effect on shifts was limited to Ϯ36Њ. In other words, the response profiles were shifted (relative to one another) either by correlation values rather than the underlying tuning properties of the neural data. To examine this possibility, Ϫ36Њ, Ϫ18Њ, 0Њ, ϩ18Њ, and ϩ36Њ. After shifting the response profile by one of these shift values, we correlated we performed a bootstrap analysis. For this analysis, we, on a cell-by-cell basis, picked randomly (with rethe response profiles in the region of overlap. The optimal shift was the relative horizontal shift with the maxiplacement) two response profiles and cross-correlated them, as described above, in order to obtain their optimum correlation coefficient. In this analysis, the two response profiles were aligned, relative to initial eye mal shift. For each cell of the 55 cells in the population, this process was repeated 100 times in order to obtain position, when one response profile was shifted by Ϫ36Њ. Thus, if a cell had an optimal shift of Ϫ36Њ, it implied a distribution of "expected" optimal-shift values. This distribution was then binned to form a histogram. The that it aligned best in an eye-centered reference frame. A 0Њ optimal shift suggested that the activity of a PRR histograms generated from each of the 55 cells were then averaged together to obtain the distribution of "exneuron was insensitive to initial eye position. Neurons with this optimal-shift value may be in other reference pected" optimal-shift values. transformation from a head-centered reference frame to an eye-centered reference frame occurs independently to or less than that expected by chance. We interpret these results to mean that the cross-correlation analysis in both the cortical pathway and the midbrain pathway or in an area of the ascending auditory pathway that was sensitive to the tuning properties of the PRR neurons. Moreover, the significant number of PRR neurons contributes to both of these cortical and midbrain pathways. At present, though, we do not have sufficient with optimal-shift values of Ϫ36Њ suggests that a population of PRR neurons encodes reach plans to auditory knowledge of the cortical sound localization pathway to address this issue. One attractive hypothesis is that, targets in an eye-centered reference frame.
since 
